Autopolyploid taxa present numerous challenges for population genetic analyses due to difficulties determining allele dosage. Dosage ambiguity hinders accurate assessment of allele frequencies, multilocus genotypes (MLGTs), as well as levels and patterns of clonality. The pervasiveness of polyploidy in the evolutionary history of plant taxa makes this a recurring problem. Whereas diploidization of loci may occur over time, duplication of at least some loci is still frequently evident. Fortunately, with high-quality allozyme gels, it is possible to accurately infer allele dosage and, thus, determine exact MLGTs. However, accurately assessing dosage of microsatellite peaks is nearly impossible when studying wild populations with a large number of alleles per locus. Even if precise knowledge of genotypes is not required, for comparable numbers of alleles per locus and loci, the number of ''phenotypes'' is always lower with microsatellites than allozymes due to the inability to assess allele dosage. Microsatellite loci typically have more alleles per locus relative to allozymes although fewer loci are generally employed. Here, we present a mathematical model for comparing the relative utility of simple sequence repeat (SSR) versus allozyme markers to discriminate MLGTs. For example, the average plant allozyme study (2.6 alleles per locus, 10 polymorphic loci) has better discriminating power than SSR markers with 10 alleles at each of 3 loci, 9 alleles at 4 loci, 6 alleles at 5 loci, 5 alleles at 6 loci, and 4 alleles at 8 loci, demonstrating the value of assessing the relative discriminating power of these markers. Key words: allozymes, clones, simple sequence repeats, SSRs, tetrasomic inheritance Polyploidy has played a key role in the evolution of both plants and animals (Otto and Whitton 2000; Wolfe 2001; Soltis et al. 2004) , often leading to speciation events (Soltis PS and Soltis DE 2000) . Polyploidy occurs more pervasively in plants than originally thought (Grant 1963 (Grant , 1981 Stebbins 1971; Soltis DE and Soltis PS 1993) Population genetic analyses of extreme autopolyploids, or taxa with tetrasomic inheritance, have traditionally been fraught with difficulties associated with the identification of loci and the exact scoring of genotypes. Accurate interpretation of the phenotypic expression of a marker (i.e., determination of both the correct number of distinct alleles and copy number of alleles per locus [i.e., dosage]) is essential for the precise determination of multilocus genotypes (MLGTs) and allele frequencies. In an 473 autotetraploid, unambiguous scoring is possible for monoallele and quadriallele genotypes, but an individual possessing 2 alleles at a locus has 3 possible genotypes (A 1 A 1 A 1 A 2 , A 1 A 1 A 2 A 2 , or A 1 A 2 A 2 A 2 ), as does an individual with 3 alleles at a locus
at some point in their evolutionary history (Goldblatt 1980; Masterson 1994; Cui et al. 2006; Wood et al. 2009 ). Evidence indicates that many contemporary diploid taxa in fact represent ancient polyploids that have undergone diploidization (Sybenga 1969; Wolfe and Shields 1997; Wolfe 2001; Bowers et al. 2003) , although the mechanisms responsible for diploidization are not well understood (Wolfe 2001) . Polyploidy arises from the fusion of unreduced gametes either from the same species (i.e., doubling of the same genome), giving rise to autopolyploids, or different species (i.e., interspecific hybridization), producing allopolyploids. Autopolyploidy and allopolyploidy represent 2 extremes of a continuum of intergenome differentiation (Stebbins 1947; Obbard et al. 2006) , with the intermediate stage where individuals possess some tetraploid and some diploidized loci, termed segmental allopolyploidy (Stebbins 1947) . Allotetraploids display disomic inheritance (i.e., fixed heterozygosity) whereby a chromosome only pairs with its homologue (Ramsey and Schemske 2002) . In extreme autotetraploids, there is random pairing of each chromosome with 1 of its 3 homologues, resulting in tetrasomic inheritance (Stift et al. 2008 ) whereby various allelic combinations occur with equal probabilities (Muller 1914) . These 2 forms of inheritance may change in either direction, producing intermediate patterns during the transition from one inheritance pattern to the other (Ramsey and Schemske 2002) . Stift et al. (2008) described a likelihood-based approach to statistically determine which pattern of inheritance (disomic, tetrasomic, or an intermediate pattern) most closely fits the data. For the purpose of our discussion, we focus exclusively on taxa with tetrasomic inheritance.
Population genetic analyses of extreme autopolyploids, or taxa with tetrasomic inheritance, have traditionally been fraught with difficulties associated with the identification of loci and the exact scoring of genotypes. Accurate interpretation of the phenotypic expression of a marker (i.e., determination of both the correct number of distinct alleles and copy number of alleles per locus [i.e., dosage]) is essential for the precise determination of multilocus genotypes (MLGTs) and allele frequencies. In an autotetraploid, unambiguous scoring is possible for monoallele and quadriallele genotypes, but an individual possessing 2 alleles at a locus has 3 possible genotypes ( (Muller 1914; Haldane 1930; Weeden and Wendel 1989) .
In response to this problem, investigators have employed various approaches for handling their data, including treating codominant SSRs as dominant/recessive markers and simply recording presence/absence of specific alleles (e.g., Mengoni et al. 2000; Lian et al. 2003) . Clearly, considerable resolution is forfeited with this treatment. Other approaches have included using one of several programs: TETRASAT (Markwith et al. 2006) , which uses iterative substitutions to create tetraploid genotypes for partial heterozygotes; TETRA (Liao et al. 2008) , which uses a probability approach to calculate allele frequencies; or ATETRA (Van Puyvelde et al. 2010) , which combines enumeration of iterative substitutions for smaller data sets with the use of stochastic Monte Carlo simulations for larger data sets. De Silva et al. (2005) proposed estimating allele frequencies of polyploid populations iteratively using a Newton-Raphson or EM-type algorithm, whereas Esselink et al. (2004) described a microsatellite allele counting peak ratio technique (MAC-PR) to assess dosage. Each approach is useful under certain circumstances, but each suffers from serious limitations depending on the research objective and the nature of the data set. Alternatively, when high-quality allozyme gels are available, it is possible to accurately infer allele dosage of partial heterozygotes in individuals with tetrasomic inheritance for the simple reason that allele copy number is consistently reflected in band intensity (Tanksley and Orton 1983: Weeden and Wendel 1989) . The ability to score precise MLGTs is essential for some investigations, for example, when addressing questions of clonal diversity where the objective is to distinguish and map genets within populations of a species known to undergo vegetative reproduction. When actual allele frequencies and unambiguous genotypic data are required and the focal species is an autotetraploid, high-quality allozyme markers with sufficient variation will nearly always be the preferable marker.
However, for some population genetic analyses, exact allele frequencies and MLGTs are not essential. In these cases, SSRs are often more useful than allozyme markers because SSRs typically have more alleles per locus. The number of possible multilocus SSR genotypes, and therefore peak ''phenotypes,'' increases considerably if multiple highly variable loci are available because of an increased probability of detecting differences among individuals and populations, even if precise genotypes and allele frequencies cannot be determined. But, although SSR markers often have more alleles, SSR studies generally employ fewer loci. For research that can tolerate reduced precision, the amount of information provided and the relative utility of SSRs and allozyme markers can be evaluated by the number of loci and alleles per locus available for each marker. Here, we present a mathematical approach to evaluate the trade-off between using allozyme markers, where allele dosage can be discerned, and SSR markers, where only peak phenotypes can be scored, for analyses of autopolyploid taxa.
Materials and Methods
When beginning an investigation with a species that displays tetrasomic inheritance at target loci, it would be useful to evaluate how informative alternative markers may be for the particular question. The mathematical model that follows rests on 2 assumptions. First, we assume that the allozyme loci are of sufficient quality to detect tetrasomic inheritance and discern dosage such that exact tetraploid MLGTs can be scored. This is not an unreasonable expectation; numerous investigators have successfully assessed dosage in a variety of taxa with tetrasomic inheritance (e.g., Quiros 1982; MartinezZapater and Oliver 1984; Bayer and Crawford 1986; Lumaret 1986; Soltis and Rieseberg 1986; Krebs and Hancock 1989; Samuel et al. 1990; Brochmann et al. 1992; Murawski et al. 1994; Laushman et al. 1996; Cortes and Hunziker 1997; Nassar et al. 2003; Trapnell et al. 2004; Parker et al. 2010) . The second assumption is that dosage cannot be accurately assessed for SSR loci of partially heterozygous autopolyploid individuals (i.e., have fewer alleles than the ploidy level). To solve this problem, Esselink et al. (2004) assessed dosage with an elegant microsatellite allele counting peak ration technique (MAC-PR). This is clearly the best way to evaluate allele dosage and determine accurate MLGTs where SSR data meet certain criteria. However, for the successful application of this technique, the authors include 2 caveats: 1) The technique is dependent on consistently high-quality data with unambiguously scorable markers that preferably produce no stutter bands and 2) Results will be impaired by differential amplification of alleles or a plateau effect in the amplification reaction. Furthermore, this approach is greatly aided if some samples possess the same number of alleles as the ploidy level, and the inclusion of individuals with known parent-offspring relationships is desirable. We argue that meeting these criteria will be difficult when examining wild populations. An additional problem may arise as the number of alleles per locus increases. Esselink et al. (2004) selected 6 loci from a larger set of genotyped sequence-tagged microsatellite sites that were found in 83 commercially available dogrose varieties as well as reference varieties. Of these 6 loci, the authors were only able to assign tetraploid allelic configurations for 5. These 5 loci each had either 5 or 6 alleles. For each locus, all alleles were analyzed in pairwise combinations to assess copy numbers per individual by calculating ratios between their peak areas in every individual that possessed both and plotting these in a histogram. The histograms had to produce at least 2 well-separated groupings to allow calibration of peak ratios. However, loci with a large number of alleles are likely to have many rare alleles, in which case there may not be multiple pair combinations that include rare alleles. Without enough pair combinations, it is impossible to assemble a histogram and have a basis for comparison and calibration. Likewise, if a study includes a relatively small number of samples, it may be difficult to calibrate peak ratios accurately. Thus, we suggest that these ideal attributes occur infrequently enough, particularly in wild plant populations, that our second assumption (i.e., dosage cannot be accurately assessed for SSR loci of partially heterozygous autopolyploid individuals) is often valid.
In an autotetraploid, the number of genotypes at a locus equals 1 24 ðgÞðg þ 1Þðg þ 2Þðg þ 3Þ, where g is the number of alleles (Haldane 1948) . If loci are unlinked, the number of possible genotypes ðG Þ524 Àn Q ½g r ðg r þ 1Þðg r þ 2Þ ðg r þ 3Þ, where g r is the number of alleles at the rth locus (Haldane 1948) . When using SSR markers to genotype an extreme autotetraploid, if the individual exhibits a single peak or 4 peaks, the genotype at that locus is unambiguously A 1 A 1 A 1 A 1 or A 1 A 2 A 3 A 4 , respectively. The difficulty arises when 2 or 3 alleles express at a locus because the 3 possible genotypes in each case will have indistinguishable SSR peak patterns. At a single locus with g alleles and an autoploidy level of m, the number of possible phenotypes of SSR peak patterns (p) is represented by the following:
By convention, 0! 5 1, and for g , m, g! ðg À mÞ!m! 5 0:
For an autotetraploid species, the number of peak phenotypes at a single locus is as follows:
The number of possible peak phenotypes across loci in an autopolyploid individual with unlinked loci is represented as follows:
where p i is the number of phenotypes at the ith locus and n is the number of loci. Inherent in these formulas is the assumption that alleles at a locus occur in equal frequencies. For a comparable number of alleles per locus and number of loci, the number of discernable phenotypes with SSRs is always lower than with allozyme markers (Table 1) . In studying an autopolyploid, it would be useful to know the number of microsatellite loci and alleles per locus necessary to achieve the power of discrimination that surpasses that of allozyme markers for the species, and vice versa. An important point to consider is that the number of alleles at a locus (A) is less important than the effective number of alleles per locus (A e ), which reflects the evenness of allele frequencies. If allele frequencies are skewed and lowfrequency alleles are included in these calculations, the estimated number of possible genotypes will be unrealistically inflated. 
Results and Discussion
When we compare the number of discernable phenotypes possible with varying numbers of loci and alleles per allozyme locus versus SSR locus, there is a crossover point where one set of markers offers superior discrimination. Of plant studies surveyed that employed SSRs, there were a mean 8.4 loci and 9.9 alleles per locus (Nybom 2004) , whereas the average allozyme study utilized 10 polymorphic loci with 2.6 alleles per locus (Hamrick and Godt 1989) . Thus, the number of peak phenotypes that can be distinguished in the average SSR study is ;3.0 Â 10 20 . However, because more polymorphic allozyme loci are typically available for a considerably lower cost, a comparison of markers is a worthwhile exercise. So, for example, an autotetraploid species with 10 polymorphic allozyme loci and a mean of 2.6 alleles per polymorphic locus has 5.54 Â 10 9 possible genotypes that will have better discriminating power than SSR markers with 10 alleles at each of 3 loci, 9 alleles at 4 loci, 6 alleles at 5 loci, 5 alleles at 6 loci, 4 alleles at 8 loci, and 3 alleles at 10 loci (Table 2 and Figure 1) . Thus, to properly compare the 2 markers, and their cost-benefit ratio, one should use the formulas presented herein to assess the relative value for a focal species. Such a comparison is broadly applicable considering the number of plant taxa that have undergone polyploidization. Although diploidization of autopolyploids often occurs, at least some loci continue to display tetrasomic inheritance in many cases, and autotetraploids have a much higher proportion of heterozygous genotypes than diploids.
Although a robust microsatellite data set (e.g., 8 loci and 8 alleles per locus) will produce a much higher exclusion probability than the average allozyme data set, the merging of 3 heterozygous genotypes into a single heterozygous SSR phenotype will mean that levels of clonal diversity within a population will be underestimated. This problem is especially serious when the heterozygous phenotype is composed of 2 or 3 of the more common alleles at a locus. When the effective number of alleles is low relative to the total number of alleles, a larger proportion of heterozygotes will be composed of the common alleles causing the majority of SSR phenotypes to be identical. As a result, the number of MLGTs (i.e., clones) will be underestimated and the production of accurate spatial maps of clonal structure will be difficult. Similar problems will arise for parentage analyses because the probability of producing an allele or MLGT is dependent on knowing the actual MLGT of the parental plants. Thus, the inability to actually equate a phenotype with an MLGT will always plague many population genetic analyses of autotetraploid individuals.
Funding
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